Bioinformatics and functional screens identified a group of Family A-type DNA Polymerase (polA) genes encoded by viruses inhabiting circumneutral and alkaline hot springs in Yellowstone National Park and the US Great Basin. The proteins encoded by these viral polA genes (PolAs) shared no significant sequence similarity with any known viral proteins but were remarkably similar to PolAs encoded by two of three families of the bacterial phylum Aquificae and by several apicoplast-targeted PolA-like proteins found in the eukaryotic phylum Apicomplexa, which includes the obligate parasites Plasmodium, Babesia, and Toxoplasma. The viral gene products share signature elements previously associated only with Aquificae and Apicomplexa PolA-like proteins and were similar to proteins encoded by prophage elements of a variety of otherwise unrelated Bacteria, each of which additionally encoded a prototypical bacterial PolA. Unique among known viral DNA polymerases, the viral PolA proteins of this study share with the Apicomplexa proteins large amino-terminal domains with putative helicase/primase elements but low primary sequence similarity. The genomic context and distribution, phylogeny, and biochemistry of these PolA proteins suggest that thermophilic viruses transferred polA genes to the Apicomplexa, likely through secondary endosymbiosis of a virus-infected proto-apicoplast, and to the common ancestor of two of three Aquificae families, where they displaced the orthologous cellular polA gene. On the basis of biochemical activity, gene structure, and sequence similarity, we speculate that the xenologous viral-type polA genes may have functions associated with diversity-generating recombination in both Bacteria and Apicomplexa.
Introduction
Viruses are increasingly recognized as highly abundant, diverse, and ecologically significant components of all ecosystems (Suttle 2007; Srinivasiah 2008; Clokie et al. 2011 ) and sources of molecular diversity in cellular genomes (Villarreal and DeFilippis 2000; Canchaya et al. 2003; Filee et al. 2003; Daubin and Ochman 2004; Chan et al. 2011 ). Viral genes also may have been catalysts of major evolutionary transitions (Forterre 2006) . In this report, we combined functional and informatics approaches to identify a clade of viral polA-type DNA polymerase genes in viral metagenomes from three thermal springs in the western United States. We show that highly similar polymerases are found in the bacterial phylum Aquificae and the eukaryotic phylum Apicomplexa and invoke a key role of thermophilic viruses in lateral transfer of these polymerase genes. We suggest that these genes may be associated with dispersal of diversity-generating mechanisms between geothermal and moderate-temperature biomes.
The genes involved in replicating DNA, especially those encoding DNA polymerases, are ubiquitous and fundamental to life. The capacity to replicate the informational content of genomes was a critical step in the transformation from an abiotic to a biotic world (Martin and Russell 2003; Glansdorff et al. 2008) . The basic mechanism of replication has been conserved throughout all life forms; however, it appears that the main replicative polymerases (PolA, PolB, and PolC) diverged relatively early (Koonin 2006) . PolBs evolved as the main leading-strand replicative polymerases in the archaeal/eukaryal lineage, and PolCs evolved as the main replicative polymerases in Bacteria. The PolA lineage is confined to Bacteria, certain eukaryotic subcellular organelles of bacterial origin, and some bacteriophages. In Bacteria, PolAs function mainly in lagging-strand synthesis and DNA repair (Baker and Kornberg 1992) . Bacterial PolAs usually comprise two domains, a functionally indivisible 3 0 -5 0 proofreading exonuclease and DNA polymerase (3 0 exo/pol) domain and a separate 5 0 -3 0 exonuclease (5 0 exo) domain, which functions in removal of RNA primers during lagging-strand synthesis and nick translation during DNA repair (Klenow and OvergaardHansen 1970; Setlow and Kornberg 1972; Beese and Steitz 1991) . From a practical perspective, DNA polymerases, particularly thermostable DNA polymerases, are key elements in all major DNA and RNA amplification and sequencing methods, and polymerases described in this study have proven useful as molecular biology reagents (Schoenfeld et al. 2010; Moser et al. 2012; Perez et al. 2013) .
Viruses have adopted a diverse range of replication strategies, some of which are almost completely dependent on host gene products, whereas others use mainly virus-encoded factors (Baker and Kornberg 1992; Weigel and Seitz 2006) . Almost all large double-stranded DNA viruses encode DNA polymerases and often accessory proteins such as processivity factors (Kazlauskas and Venclovas 2011) . As of August 2012, there were 1,031 bacteriophage genomes and 51 archaeal virus genomes in the EMBL-EBI sequence database (http:// www.ebi.ac.uk/genomes; last accessed May 11, 2013) . Only one archaeal virus (2% of total) has an annotated DNA polymerase gene (Peng et al. 2007) , whereas 31% of the bacteriophage genomes in the database (316) Geothermal springs are especially well suited to studies of early evolution and biogeography and are windows into the subsurface biosphere. These natural formations are the sources of virtually all known thermophiles, the core genomes of which branch deeply within the tree of life, suggesting a thermophilic origin of life and a key role for certain essential genes, for example, those encoding thermostable polymerases, in early stages of evolution (Di Giulio 2003; Schwartzman and Lineweaver 2004) . Unlike moderate-temperature environments that were sources of most viral genomes and metagenomic data sets, terrestrial hot springs may be more "island-like" because geothermally active regions are usually separated by large distances that limit transmission of thermophiles. Of particular interest for this study, no models accounting for significant subsurface connectivity between the Yellowstone Caldera and the western Great Basin have been proposed, although a limited extent of interbasin hydrologic flow through deep, fractured carbonates within the US Great Basin is a topic of debate (Anderson et al. 2006) . Nevertheless, the continental subsurface represents a significant portion of the Earth's habitable volume (Gold 1992 ) and extant biomass (Whitman et al. 1998) and is the least explored biome in the terrestrial critical zone (Richter and Mobley 2009) .
Cultivation-based studies of thermophilic viruses have revealed six new morphological families of dsDNA viruses infecting the thermoacidophilic Archaea Sulfolobus and Acidianus (Prangishvili et al. 2006; Happonen et al. 2010; Pina et al. 2011) , as well as additional viruses infecting thermophilic Bacteria, especially Thermus (Yu et al. 2006 ). However, thermophilic viruses have proven difficult to cultivate. Especially problematic is the bias resulting from the limited number of hosts that have been used to cultivate viruses. Metagenomics offers a powerful tool to study evolution and molecular diversity of natural populations. Most metagenomic studies of thermophilic viruses have focused on acidic springs dominated by Sulfolobus and Acidianus (Garrett et al. 2010; Snyder and Young 2011; Bolduc et al. 2012) , with only one focused on circumneutral or alkaline springs ). There is a fundamental difference between the two types of hot springs. Acidic hot springs are typically sourced by condensed water vapor and lack outflow channels, whereas circumneutral and alkaline springs are typically sourced by liquid water and often have high outflow into nearby meadows or streams, providing an obvious conduit for molecular communication with moderate-temperature environments (Nordstorm et al. 2005) .
In this study, we addressed a fundamental shortcoming of most metagenomic studies, that is the reliance on primary sequence similarity to infer function, by combining functional and bioinformatic approaches to discover DNA polymerases in viral metagenomes from three geothermal springs in the western United States. The springs described in this study, Octopus Spring (OCT) in the Yellowstone Caldera, Great Boiling Spring (GBS) in the northwest Great Basin, and Little Hot Creek (LHC) in the Long Valley Caldera of the western Great Basin, have each been surveyed biologically and geochemically (Reysenbach et al. 1994; Huber et al. 1998; Costa et al. 2009; Vick et al. 2010) . All have substantial populations of the genus Thermocrinis, which is a member of the bacterial phylum Aquificae. Aquificae diverged very near the separation of Archaea and Bacteria (Oshima et al. 2012 ), yet their genomes have been greatly impacted by lateral gene transfer (Boussau et al. 2008) . Despite their high abundance in most hot springs (Spear et al. 2005) , Aquificae have proven difficult to cultivate, and no cultivated viruses infecting members of this phylum have been described. Consequently, the contribution of viruses to the biology of the Aquificae remains unexplored. The viral PolAs described here showed unexpected similarity to PolAs of the Aquificae and the apicoplast-targeted PolA homolog, Pfprex of Plasmodium falciparum, and related PolAs in other pathogenic Apicomplexa. The sequence similarity between Aquificales PolA and Apicomplexa Pfprex proteins has been previously noted (Seow et al. 2005; Griffiths and Gupta 2006) , although their relationship remained unexplained. The discovery of apparently xenologous PolAs in thermophilic viruses and prophage elements of a variety of unrelated mesophilic bacteria provides an obvious mechanism for lateral gene transfer across large phylogenetic distance and ecological space and between biomes of very different temperatures and chemistry. We speculate that the exchanged genes are associated with diversity-generating mechanisms.
Results and Discussion
Bioinformatic Discovery of polA Genes in Hot Springs Viral Metagenomes Viral polA genes were initially discovered by bioinformatic analysis of viral metagenomes. Viruses were collected and concentrated by tangential-flow filtration of bulk water from OCT in 2003 (OCT03) and from LHC in 2001 (supplementary fig. S1 , Supplementary Material online). DNA isolated from these samples was used to create 3-5 kb insert clone libraries, which were Sanger sequenced by the Joint Genome Institute and analyzed by BLASTX as described , leading to the discovery of 256 clones with significant similarity to DNA polymerases Moser et al. 2012) . Of these, three clones were highly similar to each other and to various Aquificae polA genes and were designated OCT-3173, OCT-967, and LHC-488 (accession numbers for all the newly discovered PolAs are shown in fig. 2 ). All three PolAs contained conserved motifs associated with DNA polymerase (Pfam 00476) and 3 0 -5 0 exonuclease (Pfam 01612) and demonstrated thermostable polymerase and exonuclease activity. Clone OCT-3173 was selected for large-scale expression, purification, and detailed biochemical characterization that showed the OCT-3173 PolA encodes the first known thermostable DNA polymerase with native reverse transcriptase, strand displacement, and proofreading activities (Moser et al. 2012) . Although each of the three clones encoded functional polymerases when expressed in Escherichia coli, sequence analysis failed to identify transcriptional or translational starts and none appeared to contain a full open reading frame (ORF). Previous work had shown that, given the unusually high molecular diversity within viral populations, lower assembly stringencies can be useful in associating sequence reads that are otherwise be too divergent to join . These assemblies can then be validated by polymerase chain reaction (PCR) amplification across the junctions. Correspondingly, attempts to coassemble clones OCT-3173, OCT-967, or LHC-488 with other reads in the OCT03 metagenomic library at 95% nucleic acid identity (NAID) failed; however, when the assembly stringency was lowered to 75% NAID, three additional cloned sequences assembled with OCT-3173, producing a consensus ORF predicted to encode a 1,608-amino acid product, designated ORF1608 ( fig. 1A) . The assembly included a consensus Pribnow box (Pribnow 1975 ) and Shine-Dalgarno sequence (Shine and Dalgarno 1975) upstream of the apparent ORF1608 ATG start codon suggesting transcriptional and translational start sites ( fig. 1A ). Additional ORFs in the contig upstream of ORF1608 shared sequence similarity with cas4, a recB homolog with single-strand DNA nuclease activity associated with recombination (Zhang et al. 2012) , and a SNF2-type, DEAD/DEAH box helicase-like protein (Fairman-Williams et al. 2010) .
PCR primers were designed based on the composite ORF1608 sequence to amplify a full-length, native ORF. A viral DNA preparation from OCT sampled in 2007 (OCT07) was used because the entire OCT03 viral DNA preparation was consumed during library construction. PCR resulted in an appropriate-sized amplicon of 4,824 bp suggesting correct assembly ( fig. 1B ). Amplicons were expressed in E. coli, and heattreated lysates were tested for thermostable polymerase activity. All clones showed activity when assayed at 70 C (Schoenfeld T, unpublished observation). A clone designated OCT-1608-14 encoded a marginally more thermostable polymerase and was used for further analysis. This clone encoded a 3 0 exo/pol domain with 92% amino acid identity (AAID) with the entire 588-amino acid OCT-3173 ORF fragment ( fig. 2 ).
Functional Screening of Viral Metagenome Expression Libraries and Mapping of Polymerase Activity
Functional screens were used to identify additional viral polA genes in clones based on expression of thermostable DNA polymerase activity. Screening of an 8-12-kb insert clone library from the OCT07 DNA preparation identified six additional polA clones with thermostable polymerase activity (supplementary table S1, Supplementary Material online) as well as large stretches of adjacent sequence. Although five of the clones were truncated, the DNA sequences within the regions of overlap were nearly identical to OCT-1608-14 (Schoenfeld T, unpublished observation) . In contrast, OCT-1608-4B9 contained a complete ORF but shared approximately 90% AAID with the other full-length ORF from clone OCT-1608-14 ( fig. 2) .
Additional polA genes were identified by functional screening of a 3-5-kb insert plasmid clone library derived from a virus preparation from GBS, Gerlach, NV, collected in 2007 (supplementary fig. S1 , Supplementary Material online). Screening of 2,800 clones identified 12 clones expressing DNA polymerase activity. DNA sequencing indicated that 11 of these were highly similar to one another and also related to the viral polA genes from OCT and LHC ( fig. 2 ; supplementary fig. S2 , Supplementary Material online). The 12th clone, GBS-347, was highly divergent and encoded a protein similar to a presumed primase/polymerase identified in a viral metagenome from a different hot spring (Garrett et al. 2010) and will be described separately.
The alignment of the full collection of the predicted PolAs enabled functional mapping of the domains. All clones shared conserved 3 0 -termini of the PolA ORFs ( fig. 2 ). The sizes of the ORFs and ORF fragments ranged from 538 to 1,606 amino acids. Because all clones expressed similar thermostable DNA polymerase activity, no more than 538 amino acids, comprising the carboxy-terminal regions, are necessary and sufficient for polymerase activity. This 538 amino acid carboxy terminus corresponds to essentially the entirety of the sequence similarity to known polA genes and also included the conserved 3 0 -5 0 proofreading exonuclease motif (Moser et al. 1997 ). Correspondingly, all the viral PolAs tested exhibited exonuclease activity (Moser et al. 2012) . The identity of the 3 0 exo/ pol domains of viruses was much higher within each hot spring (>83.8% AAID for OCT, >97.3% for GBS) than between springs (45-55% identity) ( fig. 2) , despite the intervening 4 years between collection of the two Octopus samples, OCT03 and OCT07.
Conservation and Possible Functions of Amino-Terminal Sequences
The amino-terminal regions of the viral PolAs from OCT07 and GBS samples were noticeably more divergent than the carboxy-terminal regions but still shared 34.9% AAID over the extent of the overlap between the largest GBS clone, GBS1773, and the OCT-1608-14 ORFs ( fig. 2) . The two fulllength ORFs, OCT-1608-14 and OCT-1608-4B9, had sequence motifs that imply primase and/or helicase function. These include similarity to DUF927 (conserved domain with carboxy terminal P-loop NTPase; E value 4.8e-7) and COG5519 (Superfamily II helicases associated with DNA replication, recombination, and repair 
FIG. 1.
Assembly, cloning, and expression of polA genes from OCT viral metagenomes. Four reads from the OCT-03 library (panel A, top) were assembled at 75% NAID to form a 7,410-nucleotide consensus contig (panel A, middle) that included three complete and one partial ORF. ORF251 was similar to hel (ACB83959.1), ORF202 to cas4 (ABN70290.1), and ORF ORF1608 had an amino-terminal domain similar to hel (EKQ55894.1) and a carboxy-terminal domain similar to polA (ADC89878.1). Expect values are shown. The sequence immediately adjacent to the 5 0 -terminus of ORF1608 included consensus transcriptional and translational start elements (panel A, bottom). Primers 2137 and 6768r, shown in panel A, were used to amplify the full-length OCT-1608 ORF from the OCT-07 DNA preparation (panel B). This PCR product (OCT-1608-14) was cloned and expressed to generate a thermostable DNA polymerase and migrates as a 70 kD protein (panel C) seen by SDS-PAGE in the induced (+) but not the uninduced (À) clone. SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. (Walker et al. 1982) .
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels of E. coli expressing the ORFs and ORF fragments from GBS all gave rise to a similar size product (~55 kDa) when expressed in E. coli (supplementary fig. S2 , Supplementary Material online), suggesting that the genes are expressed as larger polyproteins and cleaved within the cloned region, with amino-terminal regions being unstable or insoluble in the expression host. Similarly, expression of the full-length Oct-1608-14, which would be predicted to encode a protein of 189 kDa, resulted in a thermostable protein of about 75 kD ( fig. 1C ).
Phylogenetic Analysis of polA-Like Genes BLASTP analysis showed that the carboxy-terminal 3 0 exo/pol domains of the viral gene products were similar to those of the PolAs of several Aquificae species, typified by the Aquifex aeolicus PolA (Chang et al. 2001) , and to 3 0 exo/pol domains of the nuclear-encoded, apicoplast-targeted DNA polymerases of several Apicomplexa species, typified by the Pfprex protein of P. falciparum (Seow et al. 2005) . BLASTP also revealed closely related PolAs encoded by genomes of a few unrelated Bacteria belonging to the phyla Firmicutes, Actinobacteria, Deinococcus-Thermus, Cyanobacteria, and Planctomycetes. Alignment of these PolAs demonstrated that three indels that distinguish PolA-type polymerases of the Aquificaceae and Hydrogenothermaceae families from other bacterial PolAs (Griffiths and Gupta 2006) are conserved in the viral PolAs, the apicoplast-targeted PolAs of Apicomplexa, and the similar PolAs identified in various Bacteria by the BLASTP search ( fig. 3 ). Phylogenetic analysis of the conserved 3 0 exo/ pol domains of the viral and cellular PolA proteins confirmed these relationships and showed that PolAs discussed here comprise four major lineages related to, but distinct from, prototypical bacterial PolAs. These four groups include PolAs from: 1) thermophilic viruses; 2) Aquificaceae and Hydrogenothermaceae; 3) Apicomplexa; and 4) various Bacteria ( fig. 3, supplementary fig. S3 , Supplementary Material online). The viral PolAs diverged into clades from Yellowstone National Park (YNP) and the Great Basin. This biogeographic distribution is similar to that reported for a number of cellular thermophiles (Whitaker et al. 2003; Miller-Coleman et al. 2012 ) and prophages within genomes of Sulfolobus (Held and Whitaker 2009) and is evidence of a dispersal limitation. Notably, our own viral metagenomic studies from a variety of other apparently similar geothermal springs in YNP and the Great Basin showed related viral polA genes to be absent or extremely rare, demonstrating the disjointed nature of optimal habitat for this group of viruses.
Likely Orthologous Replacement of Bacterial polA Genes with Viral polA Genes in Two Families of Aquificae and Likely Virus-Host Relationship
The genomic distribution and phylogeny of the PolA xenologs in the viral and cellular genomes offer clues to their evolution ( fig. 3) . Two out of three families of the Aquificae, Aquificaceae, and Hydrogenothermaceae contain the viral-type PolA; however, the more deeply branching third family, Desulfurobacteriaceae, has a prototypical bacterial PolA. This suggests that a viral-type polA gene replaced its xenolog and became fixed in the genome of a common ancestor of two of three families of Aquificae following their divergence from the Desulfurobacteriaceae (L' Haridon et al. 2006; Hugler et al. 2007) . Once fixed in the Aquificae, this polA gene probably descended vertically, because it mirrors the 16S rRNA gene phylogeny.
The 5 0 -3 0 exonuclease (5 0 exo) domains provide additional support to this model. The 5 0 -3 0 exonuclease domains of bacterial polA gene products, in contrast to 3 0 -5 0 exonuclease domain, are quite independent from the rest of the polA gene product. As such, separation of the 5 0 exo domain from the 3 0 exo/pol domain, either by independent expression or proteolytic digestion, results in two functional polypeptides, a 5 0 -3 0 exonuclease and a polymerase (Klenow and Overgaard-Hansen 1970; Setlow and Kornberg 1972) . Consistent with the lateral gene transfer model, the Aquificaceae and Hydrogenothermaceae PolAs, along with all viral PolAs described here, lack a 5 0 exo domain and instead have an independent gene predicted to encode the 5 0 -3 0 exonuclease, suggesting that this region of the prototypical bacterial polymerase gene was retained in the Aquificaceae and Hydrogenothermaceae after orthologous replacement of the 3 0 exo/pol domains by the viral genes. In contrast, the extensive amino terminal region of the viral polA gene products, corresponding to the first approximately 1,000 amino acids of OCT-1608-14 and containing the putative helicase domain (DUF927), is absent from these Aquificae PolAs, implying that the replacement of the prototypical bacterial polA gene in the Aquificaceae and Hydrogenothermaceae must have substantially restructured the information processing within these organisms. The fact that these two families are the most abundant microorganisms in many >75 C hot springs in YNP (Reysenbach et al. 1994; Spear et al. 2005 ) and probably worldwide suggests that this was one of probably many successful adaptations to the environment.
Coding bias reflects the shared use of host translational machinery by the host and virus, and correspondingly, tetranucleotide frequency tends to be conserved between host and virus (Pride et al. 2006; Pride and Schoenfeld 2008; Deschavanne et al. 2010 ). An analysis of tetranucleotide word frequency of a shotgun metagenome from the GBS planktonic microbial community along with contigs from the viral metagenome showed that contigs containing viral polA genes clustered closely with genomic sequences from the dominant Thermocrinis species of the GBS planktonic community (supplementary fig. S4 , Supplementary Material online) . Consistent with this observation, cultivation-independent censuses suggest Thermocrinis also dominate the pink streamer communities in the outflow channel of OCT (Reysenbach et al. 1994 ) and sediment/precipitate communities in the small source pool of LHC (Vick et al. 2010) . The similar tetranucleotide word frequency and the abundance of Thermocrinis in all three hot springs studied imply that this genus may be the natural host 
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Schoenfeld et al. . doi:10.1093/molbev/mst078 MBE for these viruses. If these viruses infect Thermocrinis, it is highly unusual that the viral replicases are so similar to those of the host because most virus-induced replicases are highly divergent from those of the host.
Evidence for Transient Presence of Viral-Type polA Genes in Other Bacterial Genomes
Xenologs of the 3 0 exo/pol domains of viral-type PolA proteins were also found encoded in the genomes of 11 bacteria representing five different phyla, each of which contained a second prototypical bacterial polA gene ( fig. 3) . Examination of the context of the viral PolA xenologs in these genomes revealed prophage-like elements, for example, integrases, glycosyltransferases, and transposases (Dodsworth J, Murugapiran S, unpublished observation), suggesting lateral gene transfer following lysogeny. These data suggest an evolutionary sequence in which viruses bearing polA genes infected bacteria, leading to incorporation of their polA genes into the genome by nonhomologous or site-specific recombination, without disruption of the native, bacterial polA genes. A similar pathway has been invoked to explain the presence of T3/T7-like RNA polymerase genes within cryptic prophage in genomes of a variety of unrelated bacteria that are not hosts for T3/T7 viruses (Filee and Forterre 2005) . There is no evidence in any of the bacterial lineages of 1) the 5 0 exo coding regions of the polA genes, 2) preferences for insertion sites, or 3) any sequence that appeared to a remnant of the 5 0 -region. The distribution of virus-like polA genes in bacterial genomes does not follow an obvious phylogenetic pattern, suggesting they are normally purged. However, it is notable that one pair of closely related strains of Desulfitobacterium hafniense (strains DCB-2 and Y51) and one other pair of closely related strains of Cyanothece spp. (strains ATCC 51141 and CCY 0110) each contain nearly identical polA genes coding proteins similar to the viral polA genes, so it appears that these genes were maintained over evolutionary timescales necessary for strain-level divergence. It is also interesting that coding regions corresponding to the amino-terminal putative primase/helicase region of the viral PolA are not observed in any of the bacterial genomes, which implies that this region is less useful or even detrimental. Alternatively, the proximal source of these polA xenologs may be a yet undiscovered group of related viruses encoding only the carboxy-terminal 3 0 exo/pol domain of the PolA protein although no evidence of such an intermediate viral gene was seen in our small sample of viral diversity. Interestingly, the PolA proteins of Rubrobacter xylanophilus DSM 9941 and Clostridium sp. 7_2_43FAA1 appear to be evolutionary chimeras of the viral-type and the prototypical bacterial PolAs based on the patterns of indels and their phylogenetic positions ( fig. 3) .
Possible Viral Origin for the Thermophilic, Nuclear-Encoded, Apicoplast-Targeted PolA of Apicomplexa
In addition to the Aquificae sequence similarity, BLASTP results also pointed to strong sequence similarity between the viral polA gene products and the nuclear-encoded, apicoplast-targeted DNA polymerases of several members of the phylum Apicomplexa. The Apicomplexa comprise a large group of unicellular, spore-forming eukaryotes that exist as obligate intracellular parasites. Examples include several very important human pathogens such as Plasmodium, the causative agent of malaria, Babesia, an emerging zoonosis transmitted by ticks and blood transfusions, and Toxoplasma, another pathogen. Common to most Apicomplexa species are apicoplasts, subcellular organelles believed to have been acquired by secondary endosymbiosis of an alga containing two plastids, one of which evolved into the apicoplast (Waller and McFadden 2005; Lim and McFadden 2010; McFadden 2011) . Pfprex, the apicoplast-targeted DNA polymerase of P. falciparum, is the best studied of the apicoplast-targeted polymerases (Seow et al. 2005) and is clearly highly similar to the Aquificae PolA and to the viral PolA protein 3 0 exo/pol domains of this study ( fig. 3) .
In addition to sequence similarities in the 3 0 exo/pol domains, apicoplast DNA polymerases have remarkable structural similarities to the full-length viral PolAs, exemplified by OCT-1608-14 and OCT-1608-4B9 gene products. Similar to the OCT-1608 PolAs, the Apicomplexa PolA-like proteins are significantly larger than other PolAs (e.g., 1,613 and 2,016 predicted aa for the Babesia bovis and P. falciparum PolA-like ORFs, respectively). In fact, the 1,606-amino acid ORF of OCT-1608-14 is nearly identical in size to the Babesia protein. Interestingly, approximately 88 kDa portion of the P. falciparum PolA, including the polymerase domain, is cleaved from the amino-terminal region in vivo (Lindner et al. 2011 ), similar to the apparent cleavage of the viral PolAs when expressed in E. coli. Although it is unknown whether this apparent processing of the heterologously expressed viral PolA proteins is biologically relevant, it suggests that they may share a polyprotein structure with the P. falciparum Pfprex protein. Amino-terminal Walker A and B ATPase motifs associated with helicase activity in the Pfprex (Lindner et al. 2011 ) are conserved in apicoplast polymerases, as well as viral PolA proteins, although the overall sequence similarity between amino-terminal region of the apicoplast and viral polymerases is low (BLASTP e value > 0.1). This suggests that either the aminoterminal regions of these proteins shared a common ancestor but evolved much more rapidly than the carboxy-terminal 3 0 exo/pol domains or that the amino-terminal domains are a result of convergent evolution and are not xenologous.
Another previously unexplained property of the Pfprex protein points to an evolutionary connection. The Pfprex polymerase is optimally active at 75 C (Huber et al. 1998; Seow et al. 2005) , much higher than would be encountered during the Plasmodium life cycle and much higher than other Plasmodium proteins, but remarkably similar to the optimal growth temperature of Thermocrinis and to the geothermal springs sampled in this study (Huber et al. 1998 ).
An Evolutionary Model of Lateral Gene
Transfer between Viruses, Bacteria, and Apicocomplexa Parasites Considered together, the genomic context and distribution, phylogeny, and biochemistry of this clade of polA gene 1659 Family-A Polymerases in Thermophilic Viruses . doi:10.1093/molbev/mst078 MBE xenologs suggest that thermophilic viruses infecting Aquificae were key agents in the evolution of information processing systems of both Aquificae and Apicomplexa (fig. 4) . We propose that a polA gene was transferred laterally between the viral population and a common progenitor of the families Aquificaceae and Hydrogenothermaceae. The 3 0 exo/pol coding region replaced the functionally equivalent 3 0 exo/pol domain but not the 5 0 exo domain of the previously existing bacterial polA gene. The amino-terminal region was either not transferred or was lost in the lineage that evolved into modern Aquificae, leaving only the 3 0 exo/pol domains. Additionally, we propose that a proto-apicoplast also obtained a viral-type polA xenolog, likely through endosymbiosis of a bacterium (proto-plastid) that had previously acquired a polA xenolog from a thermophilic virus. Following secondary endosymbiosis by the Apicomplexa lineage, this polA gene was transferred to the nucleus and targeted to the apicoplast, along with the majority of apicoplast-targeted proteins (Waller and McFadden 2005; Sato 2011 ). On the basis of this model, we propose that all the polA gene products with signature indels described in (Griffiths and Gupta 2006) were acquired and are therefore of viral origin. Given this ancestry and phylogenetic distribution, it is more appropriate to refer to these genes as virus-like and not Aquificaelike, especially given that only two families of Aquificae contain this distinctive polA gene.
A Possible Nonreplicative Role for the Viral DNA Polymerase
One limitation of viral metagenomics is that, lacking a host, biological function is difficult to test. The absence of a 5 0 exo domain in the viral, Aquificae, and Apicomplexa PolAs argues against a role in lagging strand synthesis or DNA repair. More compelling are certain anomalies unique to the polA genes of the thermophilic viruses and Apicomplexa that point to a possible role other than DNA replication. The putative polyprotein structure is unprecedented for DNA polymerases outside of this clade but very common in RNA replicases and reverse transcriptases (Eickbush and Jamburuthugoda 2008) . Moreover, the reverse transcriptase activity of the OCT-3173 PolA (Moser et al. 2012) has no clear role in DNA replication but bears similarity to activities implicated in maintenance of telomeres (Bao and Cohen 2004) and in tropism switching mechanisms that prevent reinfection by phage (Liu et al. 2004; Medhekar and Miller 2007; Wang et al. 2011 ). Although we cannot exclude telomere processing as a function for the PolA, it seems more likely that this is an example of a bacterial tropism-switching mechanism. These mechanisms are known to use RNA intermediates copied by reverse transcriptases, although known examples use enzymes similar to retroviral/ retroelement reverse transcriptases and not PolA-like proteins. The association of polA genes with likely diversity generating retroelements has been shown, but in these cases, similar to the others, reverse transcription appears to be performed by a separate retroviral-type reverse transcriptase (Kojima and Kanehisa 2008) . Supporting a role in recombination is the adjacent recB homolog ( fig. 1 ) that suggests a role of the operon in recombination rather than replication.
The role of the apicoplast is not clear although it is known to be indispensable for survival (Lim and McFadden 2010; McFadden 2011) . Also unclear is the function of the apicoplast-targeted PolAs, which are also necessary for survival (Lindner et al. 2011 ) and have apparently been maintained over millions of years in the Apicomplexa (Mukhopadhyay et al. 2009 ). It has been presumed that Pfprex proteins function in replication of apicoplast DNA (Seow et al. 2005; Lindner et al. 2011 ), but strong evidence for this is lacking. If the role of this gene in thermophilic viruses is tropism switching then there may be a parallel role in Apicomplexa. Apicomplexa use genetic recombination to generate antigenic diversity as a means of evading host immune systems   FIG. 4 . Evolutionary model explaining the similarity of viral polA genes and those of two families of the Aquificae, some unrelated Bacteria, and the Apicomplexa. Schoenfeld et al. . doi:10.1093/molbev/mst078 MBE and for other virulence-related functions (Homer et al. 2000; Dzikowski et al. 2006; Scherf et al. 2008; Recker et al. 2011; Rovira-Graells et al. 2012; Witmer et al. 2012) . It is possible that the viral-type polA-like genes function in Apicocomplexa as part of one of these systems or some other similar system. Supporting this model, the reported high in vivo mutation frequency and unusual mutation spectrum of Pfprex (Kennedy et al. 2011) would seem more consistent with a role in diversity generation than accurate replication.
Materials and Methods

Sample Sites and Virus Sampling
Viruses were collected from bulk hot spring water by tangential flow filtration as described previously . The following three springs (supplementary fig. S1 , Supplementary Material online) were sampled: 1) OCT, White Creek Group, Lower Geyser Basin, YNP, sampled in 2003 (OCT03) and 2007 (OCT07); 2) LHC, near Mammoth Lakes, CA, sampled in 2001; and 3) GBS, near Gerlach, NV, sampled in 2007. OCT samples were collected about 10 m down the outflow channel from the source pool, where abundant filamentous growth was easily observable. The feature at LHC, designated LHC1 (Vick et al. 2010) , was sampled directly at the small source pool, which contained no obvious filamentous growth. GBS was sampled in the large source pool. Detailed information on these springs have been previously published, including GPS coordinates, bulk water geochemistry, solid phase carbon and nitrogen geochemistry, clay mineralogy, and microbial community composition and function (Breitbart et al. 2004; Costa et al. 2007; Schoenfeld et al. 2008; Vick et al. 2010; Dodsworth et al. 2011 Dodsworth et al. , 2012 Hedlund et al. 2011 ).
Sequence-Based Screen for Polymerases
Viral libraries from LHC and OCT03 samples were constructed and sequenced using Sanger chemistry as described . Sequences were assembled at 95% and 75% NAID over 20 nucleotides using SeqMan software (DNAStar, Madison, WI). Clones were chosen for further study based on BLASTx expect values of less than 0.001 to PolA sequences in the nr database in GenBank. Clones with paired-end reads suggesting they were likely to contain complete genes were tested for thermostable DNA polymerase activity (Moser et al. 2012) . Lysates positive for thermostable Pol activity were confirmed using a radioactive incorporation assay (Hogrefe et al. 2001 ).
PCR Amplification of Entire polA orf from OCT Virus Preparation OCT 2007 and GBS DNA samples were amplified with the GenomiPhi kit (GE Healthcare, Waukesha, WI). The amplified OCT07 DNA was used as a template for PCR amplification with primers derived from the 75% OCT03 assembly (primers 2137 and 6768r, fig. 1 ). The amplicon was inserted into the pET28 vector and was propagated in 10G cells for sequence analysis and in BL21 HiControl vector for protein expression (Lucigen, Middleton, WI).
Functional Screen for Polymerases
For functional screening and 454 sequencing, amplified GBS DNA was debranched with S1 nuclease (Zhang et al. 2006 ). The GBS DNA was sheared to between 2 and 5 kb with a Hydroshear device (GeneMachine), inserted into the cloning site of a pETite vector (Lucigen Corporation) and used to transform BL21 HiControl cells. The amplified OCT07 DNA was inserted directly into a pJAZZ vector ) and used to transform 10G cells. Both libraries were screened using a 96-well format variation of the radioactive assay.
Bioinformatics and Phylogenetic Inference DNA sequences of inserts of all clones showing polymerase activity were determined in their entirety and assembled using either Sequencher (Gene Codes, Ann Arbor, MI) or SeqMan (DNAStar) software. HMMER (http://hmmer.org; last accessed May 11, 2013) search was done using "hmmscan" using curated, high-quality PFAM-A entries. Multiple sequence alignment was done using MUSCLE Ver. 3.8.31 (Edgar 2004 ) with the default parameters, manually corrected using Seaview Ver. 4.0 (Gouy et al. 2010 ) and visualized using TeXshade (Beitz 2000) . Masks were created using Gblocks (ver 0.91b) (Castresana 2000) using default command line parameters except the minimum percentage of sequences for a flank position ("-b2=" option) was changed from the default 85% to 50%. Maximum likelihood analyses were carried out using RAxML Ver. 7.2.6 (Stamatakis 2006) with 1,000 replicates and iTOL (Letunic and Bork 2011) .
Genomic regions surrounding the presumed prophage polA genes were examined for evidence of lateral gene transfer using a 10 kb window, 5 kb up-and down-stream of the polA genes to identify GC% anomalies, and to search for prophage-like genes in Artemis (supplementary table S1, Supplementary Material online) (Carver et al. 2008) . Potential domains were searched using NCBI's Web CD-Search Tool (Marchler-Bauer et al. 2011) . GC anomalies were defined as a departure of more than 2.5 standard deviations from the genomic mean.
Supplementary Material
Supplementary table S1 and figures S1-S4 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/). 
